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INVITED REVIEW

Reevaluating the conceptual framework for applied research
on host-plant resistance
Michael J. Stout
Department of Entomology, Louisiana State University Agricultural Center, 404 Life Sciences Building, Baton Rouge, LA 70803, USA

Abstract Applied research on host-plant resistance to arthropod pests has been guided
over the past 60 years by a framework originally developed by Reginald Painter in his 1951
book, Insect Resistance in Crop Plants. Painter divided the “phenomena” of resistance into
three “mechanisms,” nonpreference (later renamed antixenosis), antibiosis, and tolerance.
The weaknesses of this framework are discussed. In particular, this trichotomous framework
does not encompass all known mechanisms of resistance, and the antixenosis and antibiosis
categories are ambiguous and inseparable in practice. These features have perhaps led to a
simplistic approach to understanding arthropod resistance in crop plants. A dichotomous
scheme is proposed as a replacement, with a major division between resistance (plant
traits that limit injury to the plant) and tolerance (plant traits that reduce amount of yield
loss per unit injury), and the resistance category subdivided into constitutive/inducible and
direct/indirect subcategories. The most important benefits of adopting this dichotomous
scheme are to more closely align the basic and applied literatures on plant resistance and
to encourage a more mechanistic approach to studying plant resistance in crop plants. A
more mechanistic approach will be needed to develop novel approaches for integrating
plant resistance into pest management programs.
Key words antibiosis, antixenosis, host-plant resistance, integrated pest management,
plant–insect interactions, tolerance

Introduction
Global increases in population and standards of living will
necessitate dramatic increases in food production over the
next few decades; by one estimate, a doubling in food production will be needed by 2050 to meet global demand
(Parry & Hawkesford, 2010). Losses from arthropod pests
in all crops are significant, and in some crops can exceed
15% annually (Oerke, 2006). Over the past seven decades,
the primary tactic for managing arthropod pests has been
the use of synthetic pesticides. Use of pesticides is, however, attended by a number of serious problems, including
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nontarget effects on humans and beneficial organisms,
pest resurgence and emergence of secondary pests, high
costs associated with both active ingredients and application, and development of resistance to pesticides by target
pests (Ekstrõm & Ekbom, 2011). Clearly, the development of more diverse, cost-effective and sustainable management programs for arthropod pests will be a critical
component of increasing food production in the coming
decades.
Management programs for arthropod pests involve, as
an ineluctable element, an interaction between an arthropod herbivore (the pest) and a plant (the crop), because
it is this interaction, in all its various aspects, that pest
management programs seek to manipulate in ways that
lessen the impacts of the arthropod herbivore on crop
yield or quality. It follows from this fact that developing
an appropriate framework or paradigm for studying and
understanding plant–insect interactions has tremendous
263
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practical implications for the development of pest management programs. Over the past half century, two
literatures (bodies of research and theory) have developed
that could potentially provide such a framework (Kogan,
1986).
The first of these bodies of research and theory comprises fundamental research on plant–insect interactions
primarily directed toward understanding the ecology and
evolution of these interactions. The framework provided
by this literature emphasizes the importance of secondary
plant metabolites as mediators of reciprocal evolutionary
relationships among plants and plant-feeding arthropods
(Fraenkel, 1959; Ehrlich & Raven, 1964; Berenbaum &
Zangerl, 2008). According to this framework, a “coevolutionary arms race” involving the evolution of novel defensive traits by plants and countermeasures by herbivores
accounts for patterns of variation in plant defense and has
served as an impetus for specialization and diversification in both herbivores and their plant hosts. Although
various aspects of this framework have been occasionally challenged (e.g., the priority of biochemical traits
over physical, architectural, and morphological traits,
Carmona et al., 2011), overall it has proven to be very
fertile paradigm. In particular, over the past few decades,
the emphasis in this literature on mechanisms of plant defense has resulted in profound, transformative advances in
our understanding of the processes by which certain plant
traits affect the physiology, behavior, and fitness of herbivores and associated organisms at both the individual
and population levels, and how other plant traits reduce
the impact of herbivore injury on plant fitness.
The second, more applied, literature is more frequently
invoked in the context of pest management (Pedigo &
Rice, 2006) and is more narrowly focused on the development, characterization, and utilization of crop varieties
resistant to arthropod herbivores. This field of study is
called host-plant resistance (Kogan, 1986). The seminal
work in the establishment of host-plant resistance as a distinct discipline was Reginald Painter’s Insect Resistance in
Crop Plants, first published in 1951. In this work, Painter
summarized existing knowledge of plant resistance in a
number of major crop plants, provided definitions, and
developed a framework for classifying and studying different types of resistance. Insect resistance is striking for
its sophisticated understanding of the complexities of crop
plant–pest interactions. It is also striking because, beyond
a few general applications of the principle of natural selection, it is bereft of connections to broader ecological or
evolutionary theory. Following Painter’s lead, most hostplant resistance research in the 50 years since has retained
a heavily empirical and practical orientation. For this and
other reasons, the applied literature on host-plant resis
C 2012

tance has not been fully reconciled or integrated with the
more basic literature (Kogan, 1986).
The purpose of this review is to critically evaluate
the conceptual framework guiding host-plant resistance
research. The central contention is that the conceptual
framework for studying host-plant resistance, which remains essentially unchanged from Painter, is in need of
revision in light of advances made in the plant–insect interactions literature, and that reconciling the basic and
applied literatures on plant resistance will facilitate the
development of novel tactics for incorporating plant resistance into pest management programs.

The complexity of plant–insect interactions and
the applied framework for studying them
The interactions between plants and their arthropod herbivores are exceedingly complex and multifaceted, even
when they take place in the simplified habitats characteristic of modern agriculture. Plant–arthropod interactions
are often divided, for heuristic purposes, into multiple
phases (Schoonhoven et al., 1998). A searching phase, in
which an herbivore moves from a location lacking a host
plant to a potential host, may begin with random movements, often initiated by the internal state of the arthropod
(“hunger”). Host-plant searching very often also involves
oriented or nonoriented movements by herbivores made
in response to odor or visual cues from plants. The culmination of the host-searching phase is contact with the
potential host plant. Once the arthropod comes in contact
with a potential host, a contact evaluation phase involving
a new set of behaviors mediated by an expanded set of
chemical and morphological/physical plant cues is initiated. A test bite or probing may follow, and eventually
the herbivore accepts or rejects the plant as a host for
oviposition or feeding. The performance of the herbivore
on the plant during the host utilization phase–whether it
survives and successfully perpetuates its life cycle, how
quickly it develops, its final weight, fecundity, and, ultimately, fitness–is influenced by the nutritive value of
the plant on the one hand and the presence of interacting
suites of plant chemicals that toxify the herbivore or interfere with the acquisition of nutrients by the herbivore on
the other hand (Duffey & Stout, 1996). Feeding behavior
also plays an important role during the host utilization
phase, and various aspects of postingestional feeding behavior, such as rate of feeding, number of eggs laid, and
duration of feeding events, are influenced by the balance
of excitatory and inhibitory elements in the plant as well
as the internal state of the arthropod (Miller & Strickler,
1984). The herbivore may also possess counteradaptations
Institute of Zoology, Chinese Academy of Sciences, 20, 263–272
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Fig. 1 Comparison of the currently used categorization scheme
(A) and the proposed categorization scheme (B) for the applied
study of host-plant resistance.

to plant defenses (Winde & Wittstock, 2011). At each step
in this process by which herbivores find, accept, and utilize their host plants, the herbivore interacts not only with
the potential host plant but also directly or indirectly with
other organisms at the same trophic level, such as competing herbivores, with organisms at different trophic levels,
such as predators and parasitoids, and with microorganismal symbionts or parasites of the plant or arthropod.
Moreover, this entire system of interactions centered on
the plant is spatially and temporally dynamic; the defensive phenotype of the focal plant, in particular, changes in
response to attack by herbivores.
Based on the knowledge of plant–pest interactions in
several crop plants that existed at the time, Painter (1951)
defined resistance as “the relative amount of heritable
qualities possessed by the plant which influence the ultimate degree of damage done by the insect” (Painter, 1951,
p. 15). Importantly, he divided the phenomenon of resistance resulting from complex plant–arthropod interactions into what he termed three “mechanisms” or “bases”
(but see later). In Painter’s original scheme (Fig. 1A),
the term “antibiosis” was used to describe adverse effects
of resistant plants on herbivore physiology and life history such as reduced growth, survival, and fecundity. The
second category, “nonpreference,” included those plant
traits affecting herbivore behavior in ways that reduced
the colonization or acceptance of a plant as a host. Finally, “tolerance” was defined as the ability of a plant
to withstand herbivore injury such that agronomic yields
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or quality are reduced to a lesser extent than in a less
tolerant plant subjected to equivalent injury. According
to Horber (1980), Painter’s trichotomy of “functional categories” represented a “workable compromise” between
“mere categorization of phenomena” and “basic study
of causative factors or processes.” Painter explicitly eschewed an approach centered on elucidation of mechanisms: “Hence, one must frequently deal with a number
of causes or mechanisms which result in resistance rather
than with a simple factor, and in attempting to breed resistant varieties a knowledge of these mechanisms may
sometimes be of little use” and “ . . . so far, experimenters
have been able to utilize insect resistance in crop improvement and insect control without complete knowledge of
the reasons why the plants are resistant” (Painter, 1951,
pp. 24–25).
The conceptual underpinnings of host plant resistance
research have changed only modestly since Painter. In
1978, Kogan and Ortman proposed the substitution of the
term “antixenosis” for “nonpreference” to better reflect
the parallels of this category with the antibiosis category
(following these authors, the term antixenosis will be used
in the discussion that follows). Also, influenced by the
dominant paradigm in the plant–insect literature, most
modern discussions of host plant resistance superficially
incorporate coevolutionary ideas (somewhat problematically, because the extent to which coevolutionary theory applies to recently established interactions between
domesticated plants and arthropods in simplified agricultural environments is not fully understood). Beyond
this, however, the basic scheme for studying host-plant
resistance is still recognizably Painter’s. Thus, in the most
recent major monograph plant resistance, Smith (2005)
defined resistance as the “sum of the constitutive, genetically inherited qualities that result in one cultivar or
species being less damaged than a susceptible plant lacking these qualities,” and Smith’s definitions of antibiosis,
antixenosis, and tolerance are also largely unchanged from
Painter.
This framework established by Painter for the study
of host-plant resistance has been extremely influential.
In 2011, for example, about half of the articles appearing in the “Host-Plant Resistance” section of Journal of
Economic Entomology (excluding those papers primarily
concerned with Bt-expressing crop plants) used the terms
antibiosis, antixenois, or tolerance to characterize the crop
genotypes under study. Moreover, this framework has provided for some spectacular successes in the development
and deployment of resistant crop varieties (Wiseman,
1999). Hundreds, if not thousands, of resistant lines have
been developed or characterized since Painter, with substantial economic benefits (Smith & Clement, 2012). The
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planthopper-resistant rice variety IR36 alone, for example, has delivered benefits approaching $1 billion to rice
farmers in Asia. Despite these spectacular successes, the
framework established by Painter has some significant
weaknesses that have become increasingly evident as our
understanding of the mechanisms of plant resistance has
increased.

Weaknesses in the traditional framework for
studying host-plant resistance: the negative
argument
Conceptual and terminological imprecision
One problem that has troubled the field of host-plant
resistance from its inception has been imprecision in
the terminology and conceptual framework introduced
by Painter. This problem has been recognized by workers in the field (Kogan & Ortman, 1978; Horber, 1980;
Wiseman, 1994; Smith, 2005) but never fully resolved.
There is, first of all, ambiguity in what the terms antibiosis, nonpreference (antixenosis), and tolerance denote. In
introducing these terms to the literature, Painter referred
to them as “bases” or “mechanisms” of resistance. However, as Smith (2005) points out, these terms, particularly antibiosis and antixenois, do not denote processes
or traits responsible for resistance, but rather are categories or types of an effect (resistance). These terms are
thus more properly thought of as “functional categories”
(Horber, 1980) or simply “categories” (Smith, 2005) of resistance, reserving the terms “mechanism” or “basis” for
the plant traits and physiological processes that underlie
(cause) resistance. Nonetheless, it is still common to see
research papers and even textbooks (Pedigo & Rice, 2006)
published in which antixenosis, antibiosis, and tolerance
are referred to as “mechanisms” of resistance.
A potentially more consequential ambiguity involves
the range of phenomena encompassed by the antibiosis
and antixenosis categories of resistance. Painter viewed
antibiosis and nonpreference (antixenosis) categories as
“interrelated in their effects” but separable, at least in theory, because they typically resulted from “separate genetic
characters” (Painter, 1951, p. 70). Painter’s conception of
antibiosis and antixenosis as separable phenomena was
probably influenced by his emphasis, when describing
antixenosis, on plant traits that mediate host-searching
behavior (i.e., factors that operate before the herbivore
makes contact with a potential host). Reflecting the state
of knowledge at the time, Painter presented an extended
discussion of the roles of odor and color in host-plant
finding but gave relatively less attention to factors and
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behaviors involved in acceptance or rejection of a plant
during the contact evaluation phase, and even less attention to factors and behaviors that influence feeding during
the host utilization phase. More recent treatments of plant
resistance have appeared to broaden the definition of antixenosis, as Smith (2005) and Smith and Clement (2012)
define antixenosis simply as “adverse effects on insect
behavior.” Even in recent discussions of plant resistance,
however, effects on host searching and host acceptance
are emphasized and effects on postingestional behaviors
deemphasized; Smith and Clement (2012), characterize
the effects of antixenosis as “leading to delayed acceptance and possible outright rejection of a plant as a host,”
while van Emden (2002) stated antixenosis “ . . . is the first
stage in the encounter between pest and plant.”
Importantly, difficulties are introduced regardless of
whether antixenosis is defined broadly or narrowly. If antixenosis is defined narrowly, to denote only or primarily
effects on host-plant searching by herbivores, the demarcation between antixenosis and antibiosis is relatively
clear (although even with this narrow definition, there
are some plant traits that influence both host-searching
behavior and postingestional behavior or physiology).
To the extent, however, that antixenosis is taken in a
narrow sense, a number of important behavioral effects,
particularly those involved in maintaining feeding or determining rate, duration, and frequency of feeding events,
are excluded. Such effects on feeding behavior have been
noted for many plant traits, including leaf toughness
(Clissold et al., 2009), tannic acid (Simpson & Raubenheimer, 2001), and glucosinolates (Blau et al., 1978), and
can be important contributors to overall plant resistance
(see later).
If, on the other hand, antixenosis is taken broadly to
include all effects on insect behavior, as appears to be the
case in most recent treatments of plant resistance (Smith,
2005; Smith & Clement, 2012), then difficulties are
created in separating antixenosis from antibiosis. This difficulty is typically acknowledged in discussions of plant
resistance by conceding that antibiosis and antixenosis
“overlap,” are “intertwined,” or are present “in combination” (Wiseman, 1994; Smith, 2005). One reason for the
overlap of antibiosis and antixenosis is the coexistence in
most, if not all, resistant plants of multiple factors with
repellent, deterrent, and toxic or antinutritive properties
(Mithofer & Boland, 2012). As a striking example, plant
latex can simultaneously immobilize or trap insects,
interfere with feeding behavior, and deliver a variety of
toxins to herbivores (Konno, 2011), and thus latex represents a confluence of multiple antibiotic and antixenotic
traits. Other examples are provided by studies in which
crude extracts of plants containing multiple compounds
Institute of Zoology, Chinese Academy of Sciences, 20, 263–272
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are assayed against insects. Wheeler and Isman (2001)
found a crude methanolic extract of Trichilia americana
containing liminoids and other compounds exhibited a
strong deterrent effect but also strong effects on digestive
efficiency that were separate from deterrent effects.
Similarly, using analysis of covariance, Hoffman-Campo
et al. (2001) partly partitioned preingestive (behavioral)
and postingestive (physiological) effects of crude and
purified ethanolic extracts of soybean, Glycine max, on
Trichoplusi ni larvae. Reductions in T. ni pupal weight
by extracts from a resistant soybean variety appeared
to result from a complicated interplay of postingestive
deterrent, toxic, and antinutritive/antidigestive effects,
with various flavonol and isoflavone compounds playing
key roles. The flavonol glycoside rutin, in particular,
appeared to account for much of the negative effect on T.
ni physiology.
Another reason for the overlap of antibiosis and antixenosis (especially when the latter is defined broadly) is
that both antixenotic and antibiotic properties may inhere
in the same chemical or plant trait. This presents profound problems for the delineation of the two categories.
Many types of plant chemicals are capable of interaction
with targets both in the peripheral nervous systems of
arthropods and targets in the insect gut or the insect body
proper. For this and other reasons, it is not surprising that
many secondary metabolites show both antixenotic and
antibiotic effects. Increased tissue toughness caused a locust species to eat smaller meals more slowly, and also
reduced efficiency of nutrient assimilation by the locust
(Clissold et al., 2009). Tannins deter feeding in many
insects, presumably by acting on peripheral nervous systems, but also contribute to the formation of deleterious
active oxygen species in insect midguts (Barbehenn &
Constabel, 2011). Terpenes have well-established roles as
modifiers of the host-searching behavior of both herbivores and natural enemies of herbivores, but also have antidigestive and toxic effects when consumed (Mithofer &
Boland, 2012). Several benzylisoquinoline alkaloids were
found to act as both feeding inhibitors and toxins toward
three species of Lepidoterans (Miller & Feeny, 1983), and
allylglucosinolate both reduced the rate of feeding and
poisoned larval Papilio polyxenes (Blau et al., 1978). In
fact, a high degree of correspondence between deterrence
and toxicity is the expectation of a facile evolutionary
analysis, as both insects not deterred by a toxic chemical and insects deterred by a nontoxic chemical would
seem to be at a selective disadvantage (see Berenbaum,
1986 for an expanded treatment of this argument). This
expectation is not always met–Bernays (1990), for example, reported that several common secondary chemicals
deterred feeding by Locusta migratoria but had no toxic
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or growth-reducing effects on the same insect–and the relationship between deterrence and toxicity of secondary
metabolites is in need of additional study (Berenbaum,
1986). Nonetheless, it is clear that many secondary compounds possess both antixenotic and antibiotic properties.
There is thus ambiguity in the literature about the
range of phenomena included in the antixenosis category, although the trend in recent treatments of plant
resistance has been to define antixenosis broadly to include all effects on arthropod behavior. This broad definition of antixenosis is, however, problematic, because
careful experimental work on the behavioral and physiological effects of plant secondary metabolites and other
resistance-related traits over the past half-century has
failed to support Painter’s contention that antixenosis (defined broadly) and antibiosis are likely to be separable
in resistant plants. Rather, resistant plants possess arrays
of secondary metabolites and resistance-related structural
or morphological traits, some of which show antibiotic
properties, some of which show antixenotic properties,
and some of which exhibit both properties. For this reason, antibiosis and antixenosis in many resistant plants are
not merely difficult to separate, but are in fact inseparable.
Said another way, plant resistance is likely to always have
antibiotic and an antixenotic components.
What have been the consequences of this conceptual
and terminological imprecision in the host-plant resistance literature over the past 60 years? It is impossible,
of course, to know with certainty, but it seems likely
that this ambiguity has contributed to a sometimes
superficial approach to understanding the causal bases of
resistance in crop plants. The presence of antibiotic and
antixenotic properties in the same plant (and quite often
in the same plant compound or trait) means that careful
experiments employing sophisticated experimental (e.g.,
Blau et al., 1978) or statistical (e.g., Hoffmann-Campo
et al., 2001) techniques are often necessary to separate
the contributions to overall resistance of repellence, deterrence, and various types of antibiotic effects. Perhaps
encouraged by the simplism and ambiguity of the antibiosis/antixenosis distinction, however, the approaches
used in the host-plant resistance literature to categorize
resistance types are often inadequate. Thus, in practice,
reduced performance (growth, fecundity, etc.) on a plant
variety in experiments in which an herbivore is not given
a choice of varieties or genotypes is usually interpreted
as sufficient evidence for antibiosis, whereas greater
injury, egg laying, or feeding activity on a genotype or
variety in an experiment in which herbivores are given
free access to multiple genotypes or varieties is usually
interpreted as sufficient evidence for antixenosis. Further,
when categories of resistance (antibiosis, antixenosis,
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and tolerance) are mistaken for mechanisms of resistance, then experiments in which resistant plants are
characterized as antibiotic, antixenotic, or tolerant can be
easily mistaken for mechanistic research, discouraging
more careful work to elucidate the independent and
combinatorial effects of various resistance-related traits
on various aspects of herbivore behavior and physiology.
None of this, perhaps, would be of consequence if the
capacity for understanding the effects of plant traits on
insect behavior and physiology at all levels of biological
organization had not advanced since the time of Painter.
Indeed, designation of the terms antibiosis, antixenosis,
tolerance as mechanisms may have been appropriate for
a time in which elucidating actual mechanisms of plant
resistance was not feasible because of technical limitations on the isolation, quantification, and manipulation of
resistance-related traits in plants. Today, however, the capacity to isolate, characterize, and quantify plant traits, to
manipulate the expression of plant traits through molecular genetics, and to characterize the effects of plant traits
on arthropods at the whole organism, cellular, and molecular levels of organization has greatly expanded, resulting
in unprecedented opportunities for gaining a true mechanistic understanding of the causes of plant resistance
(Zheng & Dicke, 2008).
Exclusion of important resistance mechanisms
Another significant weakness in Painter’s trichotomous
scheme is its failure to encompass all known types of
resistance. Interestingly, Painter’s original discussion of
mechanisms of resistance included a section on “unclassified” resistance mechanisms–mechanisms that, in
his view, were not accommodated by his trichotomous
scheme (Painter, 1951, pp. 68–70). These mechanisms
mostly consisted of plant physical or morphological traits
that formed a barrier to injury by herbivores, including
the long husks of some corn varieties that served as a
barrier to the rice weevil and the thick walls on the pods
of some bean varieties that prevented the stylets of plant
bugs from reaching the seeds.
Research subsequent to Painter has uncovered additional types or mechanisms of resistance that are not entirely consistent with the definitions of antibiosis, antixenosis, or tolerance set forth by Painter. Probably the
most important examples are those plant traits, usually
expressed only after herbivore feeding, that facilitate the
actions of predators and parasitoids of insect herbivores.
These defenses have been termed “indirect defenses” because they do not affect herbivore fitness directly but
rather their effects on herbivores are mediated by and
contingent upon the actions of the third trophic level
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(Chen, 2008; Zheng & Dicke, 2008). The most widely
studied form of indirect defense involves the local and often systemic release of mixtures of volatile organic compounds following feeding or oviposition by herbivores
that are capable of serving as cues for foraging predators
and parasitoids (Zheng & Dicke, 2008; Bruce & Pickett,
2011). Indirect defense has even been shown to function
in below-ground environments: release of the sesquiterpene caryophyllene by the roots of some maize varieties
following corn rootworm feeding strongly attracts entomopathogenic nematodes, and maize varieties incapable
of emitting caryophyllene are more susceptible to injury
by rootworms (Rasmann et al., 2005). Another form of
indirect defense involves the induction of extrafloral nectaries by arthropod feeding that, again, benefit the natural
enemies of the herbivore by providing an alternate food
source.
Although indirect plant defense is the most striking
example of a mechanism of plant resistance not encompassed by Painter’s trichotomy, there are others. Mechanisms that allow plants to escape herbivory in time
are another example. Painter acknowledged the potential for this mechanism but viewed instances of temporal
escape as the accidents of specific environmental circumstances rather than a genetically based strategy. Research
since Painter has shown, however, that escape can have
a genetic basis. Thus, flowering phenology in Lobelia
siphilitica is partially under genetic control, and lateflowering genotypes escape herbivory by seed predators
(Parachnowitsch et al., 2012). Similarly, genetically based
differences in budburst phenology in Douglas fir influences interactions of trees with the western spruce
budworm, such that trees with late budburst phenology showed greater resistance to budworms because this
trait promoted phenological asynchrony between budworm and tree populations (Chen et al., 2003). Architectural and structural plant traits can also have effects
not easily classified within Painter’s scheme. One example is provided by Marquis et al. (2002), who showed
the resistance of white oak to a leaftying caterpillar
to be related to the spatial distribution of leaves in
the canopy and the percentage of leaves touching one
another.
Thus, research since Painter, primarily from the basic
plant–insect interactions literature, has served to highlight
the remarkable diversity of plant traits capable of affecting plant–herbivore interactions and therefore capable of
serving as bases of plant resistance. In fact, any plant
trait that varies among individual plants and that affects
some aspect or another of an herbivore’s interaction with
its host plant or with other organisms associated with the
host plant is potentially a basis for differences among
Institute of Zoology, Chinese Academy of Sciences, 20, 263–272
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plants in the level of injury or damage caused by the
herbivore. Although Painter certainly cannot be accused
of not appreciating the complexity of plant–insect interactions, he also did not have the advantage of 60 years of
research on plant–insect interactions, and it is therefore
not surprising that the framework he developed is incapable of accommodating the full range of plant traits now
known to contribute to plant resistance. Importantly, many
of these mechanisms not accommodated by Painter’s trichotomy have potential applications to agriculture.

The positive argument: a dichotomous scheme
and its advantages
Given the weaknesses of the existing framework in
the host plant resistance literature for studying plant
resistance, is a better framework to be found in the basic
literature on plant–insect interactions? In contrast to the
host-plant resistance literature, a more-or-less formal
categorization scheme comparable to Painter’s trichotomy
has not been established in the basic literature. However,
over the past two decades, in response to advances in the
understanding of the mechanisms by which plants reduce
the impact of herbivores, an essentially bifurcated scheme
has emerged. I propose that a modified version of this
scheme be adapted to the study of host-plant resistance
(Fig. 1B). In the proposed scheme, the term “resistance”
is used broadly to comprehend those plant traits that
reduce the extent of injury done to a plant by an herbivore,
where injury is understood in the sense proposed by
Peterson and Higley (2001) as a stimulus producing an
abnormal change in a plant physiological process. Injury
in this sense is the direct result of the use by an herbivore
of a plant as a host (e.g., removal of photosynthate,
reduction in nutrient uptake due to root feeding). The
term “tolerance,” in contrast, encompasses those plant
traits or physiological processes that lessen the amount
of damage resulting per unit injury, where “damage” is to
be understood primarily in terms of plant fitness or yield
loss.
In addition, the resistance category can be divided into
“constitutive” or “inducible” and “direct” or “indirect”
subcategories (Chen, 2008; Mithoffer & Boland, 2012).
These two subdivisions reflect the two major emphases of
the recent plant–insect interactions literature. Constitutive
plant resistance is resistance that is expressed regardless
of the prior history of the plant, whereas inducible resistance is resistance only expressed, or expressed to a greater
extent, after prior injury (i.e., expression of inducible defenses is contingent on prior attack, whereas constitutive
defenses are not). Direct plant resistance refers to those
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plant traits that have direct (unmediated) effects on herbivore behavior or biology. Indirect plant resistance, in
contrast, depends for its effect on the actions of natural
enemies as described above.
This scheme possesses several advantages, particularly
relative to the trichotomous scheme of Painter:
First, this dichotomous scheme for categorizing plant
resistance is appropriately phytocentric in that it encompasses the two possible strategies by which a plant might
reduce the fitness or yield impacts of an herbivore: reducing the amount of injury done by the herbivore (e.g.,
by reducing the amount of tissue consumed or photosynthate removed by herbivores) or ameliorating the consequences of injury by reducing the amount of yield or
fitness loss per unit injury. This dichotomous scheme is
similar to the confrontation/accommodation dichotomy
employed by Kennedy and Barbour (1992), although the
“confrontation” category of Kennedy and Barbour did
not include phenological escape of plants from herbivory.
As a byproduct of this first benefit, this categorization
scheme avoids the artificial distinction between antibiosis and antixenosis. As noted above, these two categories
are separable only with great difficulty, if at all, and at
any rate have the same general effect in a plant–insect interaction by reducing the amount of stress (injury) placed
on the plant by the arthropod.
Second, this categorization scheme accommodates the
great diversity of mechanisms now known to underlie plant resistance. The “resistance” category is broad
enough that it does not exclude mechanisms such as phenological escape, indirect defense, and structural barriers, as these mechanisms all ultimately have the effect
of reducing the amount of injury done to the plant by an
herbivore. Furthermore, by subdividing resistance into induced/constitutive and direct/indirect subcategories, this
scheme explicitly incorporates the most exciting recent
advances in the plant–insect interactions literature. It
should be noted, however, that other ways of categorizing resistance phenomena have been proposed (Chen,
2008, for example, subdivided direct defenses into two
categories he termed “antinutrition” and “toxicity”), and
it may be necessary to revise or further subdivide the
resistance category as new insights into mechanisms of
resistance are gained.
Third, and most importantly, adoption of this categorization scheme more closely aligns the basic and applied
literatures on plant–insect interactions. This may have a
number of salutary effects. One possible effect might be
to focus attention on critical issues at the intersection of
fundamental and applied plant–insect interactions, including: To what extent do coevolutionary principles apply
to crop–pest interactions, which often involve herbivores
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with no evolutionary history of consuming the crop and
plant genotypes that have been shaped not only by natural
selection but also by human-guided selection for favorable
agronomic traits? Are the conditions present in agricultural systems conducive to the complex tritrophic interactions involved in indirect defense and, if not, can agricultural ecosystems be modified to facilitate these tritrophic
interactions? What are the relative contributions of the induced versus constitutive components of resistance? Because virtually all secondary metabolites are inducible by
biotic and abiotic stresses, and because plants in the field
are probably exposed in to numerous inducing factors during the course of their growth, is the inducible component
of resistance actually more important?
A closer alignment of the basic and applied literatures
may also accelerate the transfer of ideas and methods
across the literatures and lead to the implementation of
novel strategies for managing pests. Some of these transfers are, of course, already occurring. For example, a
greater understanding of the signaling and hormonal pathways mediating induced resistance has already led to efforts to develop effective commercial elicitors of plant
responses (see Xin et al., 2012 for an important recent
example). A greater interchange of ideas is, however,
desirable. With respect to tolerance, for example, there
is an extensive data set from the applied literature that
could provide insights in the study of tolerance in natural
plant–insect systems, and the experimental and statistical
methods developed recently to study tolerance in natural
plant–insect interactions could be applied to the study of
tolerance in crop–pest systems.
Finally, a fuller integration of the basic and applied
literatures may serve to better focus attention in host
plant resistance research on mechanisms of resistance.
As noted above, an eschewal of a mechanistic approach
to the study of crop–pest interactions was perhaps understandable when tools for analyzing and manipulating
resistance mechanisms were relatively undeveloped. Today, however, advances in analytic and molecular genetic
tools have made it far easier to elucidate mechanisms or
resistance, to examine the cascading effects of resistancerelated traits on populations and communities of
plant-associated organisms (Zheng & Dicke, 2008), and
to identify targets for traditional and molecular breeding. Likewise, techniques for genetic manipulation and
molecular breeding (e.g., marker-assisted selection, and
plant transformation) have made altering crop phenotypes
a much more rapid and efficient process. Thus, a mechanistic approach to studying plant resistance is now the
surest and most efficient path to a greater integration of
plant resistance into pest management program.
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Conclusions
The need for a sustainable food supply, the importance
of arthropod pests as constraints on crop yield and quality, and the shortcomings of a pesticide-dominated approach to pest management highlight the need for novel
approaches to managing pests. As has often been noted,
plant resistance is in many ways an ideal pest management tactic: easy to use, inexpensive to the producer, cumulative in its effects, and mostly compatible with other
tactics (Wiseman, 1994). Applied research on host-plant
resistance is mostly guided by a framework developed
by Painter (1951) that is in some ways obsolete. I have
argued the merits of abandoning Painter’s trichotomous
scheme because it employs categories that are vaguely delineated, particularly the unhelpful antixenosis/antibiosis
distinction, and because it does not accommodate recent
advances in our understanding of the diverse mechanisms
by which plants reduce the impacts of herbivores. A dichotomous tolerance/resistance scheme is proposed as a
replacement, with the resistance category subdivided into
constitutive/inducible and direct/indirect subcategories.
This scheme better reflects the strategies available to
plants for reducing the impact of herbivores and better
incorporates the known range of resistance mechanisms.
Most importantly, this dichotomous scheme helps align
the basic and applied literatures on plant resistance, which
may serve to focus research efforts on understanding the
mechanisms of resistance in crop plants and is more likely
to lead to the development of novel approaches for integrating plant resistance into pest management programs.
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